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Coantagonism of glutamate receptors and nicotinic
acetylcholinergic receptors disrupts fear conditioning
and latent inhibition of fear conditioning
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The present study investigated the hypothesis that both nicotinic acetylcholinergic receptors (nAChRs) and
glutamate receptors (�-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptors (AMPARs) and N-methyl-D-
aspartate glutamate receptors (NMDARs)) are involved in fear conditioning, and may modulate similar processes.
The effects of the nAChR antagonist mecamylamine administered alone, the AMPAR antagonist NBQX administered
alone, and the NMDAR antagonist MK-801 administered alone on cued fear conditioning, contextual fear
conditioning, and latent inhibition of cued fear conditioning were examined. In addition, the effects of
coadministration of either mecamylamine and NBQX or mecamylamine and MK-801 on these behaviors were
examined. Consistent with previous studies, neither mecamylamine nor NBQX administered alone disrupted any of
the tasks. However, coadministration of mecamylamine and NBQX disrupted both contextual fear conditioning and
latent inhibition of cued fear conditioning. In addition, coadministration of mecamylamine with a dose of MK-801
subthreshold for disrupting either task disrupted both contextual fear conditioning and latent inhibition of cued fear
conditioning. Coadministration of mecamylamine and NBQX, and coadministration of mecamylamine with a dose of
MK-801 subthreshold for disrupting fear conditioning had little effect on cued fear conditioning. These results
suggest that nAChRs and glutamate receptors may support similar processes mediating acquisition of contextual fear
conditioning and latent inhibition of fear conditioning.

A large body of research has been directed at understanding the
neural, cellular, and molecular processes that underlie fear con-
ditioning and tasks that modulate conditioning, such as latent
inhibition. This focus provides a means to not only understand
the neurobiology of learning, but also to understand disease
states that can be modeled with these tasks. Fear conditioning
measures amygdala- and hippocampus-dependent learning (con-
textual fear conditioning), as well as amygdala-dependent and
hippocampus-independent learning (cued fear conditioning)
within the same subject (Kim and Fanselow 1992; Phillips and
LeDoux 1992, 1994; Rudy 1993; Logue et al. 1997). Latent inhi-
bition is a robust and long-lasting phenomenon, in which re-
peated exposure to a conditioned stimulus (CS) without conse-
quence retards subsequent conditioning to that stimulus when
paired with an unconditioned stimulus (US) (Lubow 1989;
Weiner 2003; Lewis and Gould 2004). Latent inhibition, which is
thought to index the ability to ignore irrelevant information, has
been implicated as a model of the attention deficits associated
with schizophrenia (Braff 1993; Gray 1998; Lubow et al. 2000;
Kilts 2001; Escobar et. al 2002; Vaitl et al. 2002). Similar to con-
textual fear conditioning, latent inhibition involves the hippo-
campus (Kaye and Pearce 1987; Schmajuk et al. 1994, 2000; Han
et al. 1995; Oswald et al. 2002; Pouzet et al. 2004). The present
study investigated whether glutamate receptors (i.e., N-methyl-
D-aspartate glutamate receptors [NMDARs] and �-amino-3-
hydroxy-5-methyl-4-isoxazole propionate receptors [AMPARs])
and nicotinic acetylcholinergic receptors [nAChRs] interact dur-
ing fear conditioning and latent inhibition of cued fear condi-
tioning.

Nicotine enhances contextual fear conditioning, but not
cued fear conditioning (Gould and Wehner 1999b; Gould 2003;

Gould and Higgins 2003; Gould and Lommock 2003). In addi-
tion, nicotine enhances latent inhibition of cued fear condition-
ing (Rochford et al. 1996; Gould et al. 2001). The cellular and
molecular mechanisms through which nicotine facilitates con-
textual fear conditioning and latent inhibition of cued fear con-
ditioning are unknown, but multiple possibilities exist; ligand-
mediated events at nAChRs can activate fast synaptic currents
(Roerig et al. 1997; Hefft et al. 1999), can stimulate the release of
glutamate, dopamine, norepinephrine, and GABA (Grady et al.
1992; Alkondon et al. 1996, 1997; Sershen et al. 1997), can in-
crease calcium influx (Eilers et al. 1997; Wonnacott 1997; Soren-
son et al. 1998; Broide and Leslie 1999; Porter et al. 1999;
Nomikos et al. 2000; Berg and Conroy 2002; Dajas-Bailador et al.
2002a; Perry et al. 2002), and can activate signaling cascades
involving ERK/MAPK, CaMKII/IV, and CREB (Chang and Berg
2001; Nakayama et al. 2001; Berg and Conroy 2002; Dajas-
Bailador et al. 2002b; Utsugisawa et al. 2002; Brunzell et al. 2003).
In addition, nicotine can enhance long-term potentiation (LTP)
and reverse deficits in LTP associated with aging or administra-
tion of GABAergic agonists (Fujii et al. 1999, 2000; Fujii and
Sumikawa 2001; Yamazaki et al. 2002), and administration of
nicotine alone can induce LTP (He et al. 2000; Matsuyama et al.
2000). Thus, nicotine could facilitate contextual fear condition-
ing and latent inhibition of cued fear conditioning through
mechanisms similar to those involved in LTP.

Despite research demonstrating that nicotine administra-
tion enhances contextual fear conditioning and latent inhibition
of cued fear conditioning, data indicating that nAChR antagonist
mecamylamine is without effects on the tasks (Gould and Weh-
ner 1999b; Gould et al. 2001) and data indicating that nAChR
subtype null mice perform the tasks normally (Paylor et al. 1998;
Caldarone et al. 2000) make the role of nAChRs in acquisition of
fear conditioning and latent inhibition unclear. The null effect of
nAChR inhibition suggests either that nAChR activation is not
critically involved, but enhances acquisition of these tasks, or
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that nAChRs are involved in acquisition of these tasks, but a
parallel process also supports acquisition of these tasks and can
compensate for nAChR inhibition. One possible neurotransmit-
ter system that could regulate analogous processes is the gluta-
mate system.

Contextual fear conditioning and latent inhibition of cued
fear conditioning have been shown to be dependent on NMDAR
activation (Fanselow and Kim 1994; Fanselow et al. 1994; Gould
et al. 2002; Lewis and Gould 2004; Davis and Gould 2005). The
NMDAR is unique from other receptors in the central nervous
system, in that it is both ligand and voltage gated (Nowak et al.
1984). Binding of glutamate to the NMDAR is not sufficient
to cause depolarization. Concurrent membrane depolarization in
conjunction with glutamate binding is required to remove
the magnesium block and allow rapid influx of calcium
through NMDA ion channels (Nowak et al. 1984). This feature of
the NMDAR may make it well suited for supporting synaptic
plasticity and learning (Riedel et al. 2003). Indeed, NMDAR func-
tion is necessary for some forms of LTP (for review, see Lisman
2003).

Glutamate binding at AMPA/kainate receptors offers an ef-
ficient process for mediating the concurrent membrane depolar-
ization necessary for NMDAR-associated currents (Herron et al.
1986). Many in vitro studies of LTP have found that AMPARs are
inserted into the postsynaptic membrane following LTP (for re-
view, see Sheng and Kim 2002; Bredt and Nicoll 2003). However,
in humans, the maximally tolerated dose of the AMPA/kainate
antagonist LY293538 did not disrupt cognitive function (Sang et
al. 1998). In addition, behavioral studies and LTP studies that
have used antagonists with greater selectivity for AMPARs than
kainate receptors have not consistently found learning-related
memory impairments or deficits in LTP (Parada et al. 1992; for
review of AMPARs and learning, see Danysz et al. 1995; Misztal
and Danysz 1995; Sato et al. 1995; Stephens and Cole 1996; Li et
al. 1997; Lu and Wehner 1997; Filliat et al. 1998; Mead and Stephens
1999; Kapus et al. 2000; Lees 2000; Aultman and Moghaddam
2001; Pitsikas et al. 2002; Willmore et al. 2002; Gutierrez et al.
2004). For example, Lu and Wehner (1997) found that in
C57BL/6 mice, cued and contextual fear conditioning was insen-
sitive to the AMPAR antagonist NBQX at a dose three times
higher than a dose of NBQX that produced 100% protection
against audiogenic seizures in mice (Swedberg et al. 1995). The
differences in purported AMPAR involvement in in vitro and in
vivo models of learning and synaptic plasticity may relate to
differences in AMPAR involvement in acquisition versus consoli-
dation. It is also possible that AMPARs may be involved with
acquisition of in vivo tasks, but a parallel process may compen-
sate for AMPAR inhibition.

Evidence suggests that nAChRs and AMPARs may play a
similar role in mediating NMDAR-associated currents. Aramakis
and Metherate (1998) report that, developmentally, a synergistic
relationship exists between nAChRs and NMDARs in auditory
cortex; nicotine enhanced late excitatory postsynaptic potentials
(EPSP) in the presence of an AMPA/kainate antagonist, but failed
to enhance late EPSPs in the presence of a NMDAR antagonist.
In addition, previous in-vitro work has shown that hippocam-
pal currents are present in pyramidal cells after antagonism of
NMDARs and AMPARs, and these residual currents are inhibited
by nAChR antagonism (Hefft et al. 1999). Further, Roerig et al.
(1997) demonstrated in the developing visual cortex that the
�4�2 nAChR antagonist dihydro-�-erythroidine (DH�E) abol-
ished residual currents present after application of the NMDA
antagonist APV and the AMPA/kainate antagonist CNQX.
Whereas nAChRs are involved in many presynaptic events (Mc-
Gehee et al. 1995; Role and Berg 1996), these electrophysiological
results suggest nAChRs may function postsynaptically to regulate

cellular currents. In support of a postsynaptic location of
nAChRs, Roerig et al. (1997) used photo stimulation to directly
activate AChRs during whole-cell patch recording in the presence
and absence of DH�E to demonstrate that the inward currents
were mediated by postsynaptic nAChRs. In addition, other stud-
ies also report that nAChRs mediate postsynaptic events (Alkon-
don et al. 1996; Zhang et al. 1996; Frazier et al. 1998a,b; Chu
et al. 2000; Ji et al. 2001; Alkondon and Albuquerque 2002) and
that nAChRs are located on hippocampal dendritic spines
(Fabian-Fine et al. 2001).

The inward postsynaptic currents mediated by nAChRs
could contribute to NMDA-mediated synaptic plasticity. In a
2001 study, Ji et al. demonstrated that currents mediated by post-
synaptic hippocampal pyramidal cell nAChRs could contribute
to the depolarization necessary to remove the magnesium block
of NMDARs. Further, evidence suggests that nAChRs not only
occur postsynaptically, but also colocalize with AMPARs. Levy
and Aoki (2002) report that in adult cortex, 73% of AMPAR-
positive neurons were also nAChR positive in the postsynaptic
densities. Based on these data, the authors proposed that the
nAChRs could activate glutamatergic synapses and may interact
with AMPARs to regulate EPSPs. These findings, taken together,
suggest that nAChRs could mediate synaptic excitability in the
absence of AMPAR activation.

The data reviewed thus far suggest that the lack of effect on
learning observed previously with the administration of either
nAChR antagonists or AMPAR antagonists alone is due to the
ability of either nAChRs or AMPARs to mediate the concurrent
membrane depolarization necessary for NMDAR activation. It is
also possible that nAChRs interact with NMDARs or mediate
similar processes as NMDARs. Support for this contention comes
from studies that show that nAChRs mediate calcium influx
and activate cell-signaling cascades similar to those activated by
NMDARs (Chang and Berg 2001; Nakayama et al. 2001; Berg and
Conroy 2002; Dajas-Bailador et al. 2002b; Utsugisawa et al. 2002;
Brunzell et al. 2003). Thus, activation of nAChRs could both
contribute to the cell depolarization necessary for activation of
NMDARs and could also activate cell-signaling cascades involved
in learning that are also activated by NMDARs.

The aims of the current study were to (1) examine whether
coantagonism of nAChRs and AMPARs would induce deficits in
behavioral tasks that have previously been shown to be insensi-
tive to antagonism when nAChR or AMPAR antagonists were
administered alone, and (2) examine whether nAChR and
NMDAR coantagonism produces greater deficits in contextual
fear conditioning and latent inhibition of cued fear conditioning
than when administered separately. It was hypothesized that nei-
ther NBQX nor mecamylamine would produce deficits in con-
textual fear conditioning or latent inhibition of cued fear condi-
tioning based on previous results (Lu and Wehner 1997; Gould
and Wehner 1999b; Gould et al. 2001); however, coadministra-
tion of the drugs would produce deficits in these tasks. It was also
hypothesized that coantagonism of nAChRs and NMDARs would
produce greater deficits for these tasks than when either drug is
administered alone.

Results

Experiment 1: AMPA/nAChR interaction
in latent inhibition
To examine the roles of nAChRs and AMPARs in latent inhibition
of cued fear conditioning, mecamylamine alone, NBQX alone, or
mecamylamine and NBQX together were given prior to pre-
exposure to the CS (i.e., latent inhibition). It was expected that
mecamylamine would not block latent inhibition, based on pre-
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vious results (Gould et al. 2001). In addition, it was expected that
NBQX would not alter latent inhibition based on a preliminary
study (Gould and Lewis 2003) and based on results from an ex-
periment that examined the effects of NBQX on fear condition-
ing (Lu and Wehner 1997). However, if nAChRs and AMPARs are
mediating similar processes involved in latent inhibition, coad-
ministration of the two drugs should abolish latent inhibition. A
one-way analysis of variance revealed an overall effect of drug
[F(4,37) = 11.04, P < 0.001]. Post-hoc analysis revealed significant
differences between saline pre-exposed and saline non-pre-
exposed groups (P < 0.05), with pre-exposed mice having higher
suppression ratios compared with non-pre-exposed mice. This
indicates the establishment of latent inhibition (Fig. 1). If meca-
mylamine has no effect on latent inhibition, we would then ex-
pect this group to have suppression ratios that are significantly
higher than saline non-pre-exposed mice and similar to saline
pre-exposed mice. There were significant differences between
mecamylamine pre-exposed and saline non-pre-exposed groups
(P < 0.05), but no differences were observed between the meca-
mylamine pre-exposed mice and the saline pre-exposed mice
(P > 0.05), suggesting that nAChRs antagonism alone does not
block the establishment of latent inhibition (Fig. 1). This result is
consistent with a previous finding (Gould et al. 2001). Similarly,
if NBQX has no effect on latent inhibition, we would then expect
that the group-administered NBQX would have suppression ra-
tios that are significantly higher than saline non-pre-exposed
mice, but similar to saline pre-exposed mice. There were signifi-
cant differences between NBQX pre-exposed and saline non-pre-
exposed mice (P < 0.05), and no differences were observed be-
tween saline pre-exposed mice and NBQX treated pre-exposed
mice (P > 0.05). This data suggests that AMPAR antagonism alone
does not disrupt latent inhibition (Fig. 1).

To examine the possibility that coantagonism of nAChRs or
AMPARs could disrupt latent inhibition, mecamylamine and
NBQX were coadministered prior to pre-exposure. If coantago-
nism of these two receptors blocks latent inhibition, we would
then expect the suppression ratios for this group to be signifi-
cantly lower than saline pre-exposed mice and similar to saline
non-pre-exposed mice. Post-hoc analysis revealed significant
differences between the mecamylamine/NBQX pre-exposed and
saline pre-exposed groups (P < 0.05) and no differences were ob-
served between the coadministration group and saline non-pre-
exposed group (P > 0.05), indicating that the coantagonism of

these receptors blocked the establishment of latent inhibition
(Fig. 1). The time to initiate the first lick of the testing trial
was measured and compared between groups. A one-way ANOVA
revealed no differences in lick latencies for any groups
[F(4,37) = 0.802, P > 0.05]. Thus, drug conditions and pre-
exposure conditions did not disrupt initiation of licking on test-
ing day.

To examine the possibility that the lack of effect observed in
both the NBQX pre-exposed and mecamylamine pre-exposed
groups could have resulted from lasting effects of either drug
administered on pre-exposure day that carried over to training
day, NBQX or mecamylamine was administered to non-pre-
exposed mice and compared with saline non-pre-exposed mice.
A one-way ANOVA revealed no differences between saline non-
pre-exposed mice and either NBQX or mecamylamine non-pre-
exposed mice [F(2,21) = 1.297, P > 0.05], suggesting that neither
NBQX nor mecamylamine had lasting effects on training day
(data not shown).

Experiment 2: NMDA/nAChR interactions
in latent inhibition
Activation of nAChRs can depolarize neurons (Roerig et al. 1997;
Hefft et al. 1999) and also activate cell-signaling cascades by me-
diating calcium influx (Chang and Berg 2001; Nakayama et al.
2001; Berg and Conroy 2002; Dajas-Bailador et al. 2002b;
Utsugisawa et al. 2002; Brunzell et al. 2003). This ability of
nAChRs to activate cell-signaling cascades similar to NMDARs
suggests that nAChRs could interact with or perform a similar
function to NMDARs during learning. To test whether nAChRs
and NMDARs mediate similar processes, a dose of MK-801 sub-
threshold for disrupting fear conditioning (0.05 mg/kg, dose
based on dose-response experiment) either alone or in combina-
tion with mecamylamine (1.0 mg/kg) was administered. A one-
way ANOVA revealed an overall effect of treatment condition
[F(3,36) = 9.20, P < 0.05]. Post-hoc analysis revealed significant
differences between saline pre-exposed and saline non-pre-
exposed (P < 0.05) mice, indicating latent inhibition was estab-
lished (Fig. 2). MK-801 pre-exposed mice were not significantly
different from saline pre-exposed mice (P > 0.05) and were sig-
nificantly different from non-pre-exposed mice (P < 0.05). These
data suggest that this dose of MK-801 was ineffective at disrupt-
ing latent inhibition (Fig. 2). If the coadministration of MK-801
and mecamylamine disrupts latent inhibition, we would then
expect these mice to demonstrate suppression ratios similar to

Figure 1. The effects of NBQX (30.0 mg/kg; AMPAR antagonist),
mecamylamine (1.0 mg/kg; nAChR antagonist), or coadministration of
the two drugs on latent inhibition of cued fear conditioning. There were
significant differences between saline pre-exposed (Sal Pre) and saline
non-pre-exposed (Sal No Pre) mice, indicating that latent inhibition was
established. Neither NBQX (NBQX Pre) nor mecamylamine (Mec Pre)
administered alone on pre-exposure day had any effect on latent inhibi-
tion. The coadministration of NBQX and mecamylamine on pre-exposure
day (NBQX /Mec Pre) blocked latent inhibition of cued fear conditioning.
Light gray bars represent pre-exposed groups. Dark gray bars represent
non-pre-exposed groups. Error bars, � SEM. (*) Significantly different
from saline pre-exposed mice.

Figure 2. The effects of MK-801 (0.05 mg/kg; NMDAR antagonist),
mecamylamine (1.0 mg/kg; nAChR antagonist), or coadministration of
the two drugs on latent inhibition of cued fear conditioning. There were
significant differences between saline pre-exposed (Sal Pre) and saline
non-pre-exposed (Sal No Pre) mice, indicating that latent inhibition was
established. The coadministration of MK-801 and mecamylamine on pre-
exposure day (MK/Mec Pre) blocked latent inhibition of cued fear con-
ditioning. Light gray bars represent pre-exposed groups. Dark gray bars
represent non-pre-exposed groups. Error bars, �SEM. (*) Significantly
different from saline pre-exposed mice.

AMPAR, nAChR and fear conditioning
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saline non-pre-exposed mice and significantly different from sa-
line pre-exposed mice. Post-hoc analysis revealed that the group
that received both antagonists demonstrated suppression ratios
that were not different form saline non-pre-exposed mice
(P > 0.05) and were significantly lower than saline pre-exposed
mice (P < 0.05), demonstrating that the coadministration of MK-
801 and mecamylamine disrupted latent inhibition of cued fear
conditioning (Fig. 2). There was a significant effect of drug on
latency to first lick [F(3,36) = 5.89, P < 0.05]. The MK-801 pre-
exposed mice demonstrated longer latency to initiate the first
lick on testing day (P < 0.05 for all comparisons). However, these
mice demonstrated suppression ratios similar to saline pre-
exposed mice, suggesting that this difference had little effect on
the resulting suppression ratios on testing day.

Experiment 3: AMPA/nAChR interaction
in fear conditioning
To examine the role of nAChRs and AMPARs in fear condition-
ing, mecamylamine alone, NBQX alone, or both drugs together
were administered prior to training. It was expected that neither
mecamylamine nor NBQX would block cued or contextual fear
conditioning (Lu and Wehner 1997; Gould and Wehner 1999b),
but coadministration of the two drugs would block contextual
fear conditioning if AMPARs and nAChRs mediate similar pro-
cesses involved in contextual conditioning. A one-way analy-
sis of variance examining baseline freezing on training day re-
vealed no differences between groups [F(5,41) = 0.51, P > 0.05]
(Fig. 3). A one-way analysis of variance performed on freezing to
the context on testing day revealed an overall effect of drug
[F(5,41) = 5.01, P < 0.01]. Post-hoc analysis revealed significant
differences between the saline group and both of the mecamyla-
mine and NBQX coadministration groups for contextual condi-
tioning (P < 0.05 for both groups) (Fig. 3).

In addition to examining changes in contextual condition-
ing, changes in cued fear conditioning were also examined. A
one-way analysis of variance performed on pre-CS freezing scores
revealed no significant differences between groups [F(5,41) = 2.32,
P > 0.05], suggesting no differences in generalized freezing. A
one-way analysis of variance performed on freezing during the
CS revealed no significant differences between groups
[F(5,41) = 1.99, P > 0.05] (Fig. 4); suggesting that mice coadminis-

tered mecamylamine and NBQX can process the CS and form a
CS association with the footshock US.

To examine the possibility that freezing to the CS in the
NBQX/Mec group was a result of nonassociative processes, mice
received either saline or coadministration of mecamylamine and
NBQX, and then received two presentations of the CS without
the US. It was expected that these mice would not show fear to
the context nor to the CS during subsequent tests. There were no
differences between baseline freezing [F(1,6) = 0.273, P > 0.05],
freezing to the context [F(1,6) = 0.429, P > 0.05], or freezing to the
CS [F(1,6) = 0.097, P > 0.05] between groups (data not shown).
These data suggest that freezing to the CS on testing day observed
in mice coadministered mecamylamine and NBQX and trained
in fear conditioning with CS–US pairings reflected the formation
of a CS–US association.

Experiment 4: NMDA/nAChR interactions
in fear conditioning
To further test whether nAChRs and NMDARs mediate similar
processes during learning, we administered a subthreshold dose
of MK-801 (0.05 mg/kg) either alone or in combination with
mecamylamine (1.0 mg/kg). A one-way analysis of variance ex-
amining baseline freezing on training day revealed no differences
between groups [F(3,36) = 0.22, P > 0.05] (Fig. 5). A one-way analy-
sis of variance performed on freezing to the context on testing
day revealed an overall effect of drug [F(3,36) = 21.72, P < 0.01].
Post-hoc analysis revealed significant differences between the sa-
line group and the MK-801/mecamylamine coadministration
group (P < 0.05). No differences were observed between the sa-
line and MK-801 alone groups, demonstrating that this dose of
MK-801 was subthreshold for disrupting contextual fear condi-
tioning. These results suggest that nAChRs may mediate similar
processes as NMDARs during contextual fear conditioning.

To ensure that the deficits in contextual fear conditioning
did not result from state-dependent effects, MK-801 and meca-
mylamine were also coadministered on both training and testing
days. Post-hoc analysis revealed a significant difference in freez-
ing to the context between the saline group and group that re-
ceived MK-801 and mecamylamine at both training and testing
groups (P < 0.05). There was no difference in contextual fear con-
ditioning between mice that received MK-801 and mecamyla-
mine only at training and mice that received MK-801and meca-
mylamine at both training and testing. Thus, no state-dependent
effects were seen.

In addition to examining changes in contextual condition-
ing, changes in cued fear conditioning were also examined. A
one-way analysis of variance performed on pre-CS freezing scores
revealed no significant differences between groups [F(3,36) = 0.88,

Figure 3. The effects of NBQX (15.0 and 30.0 mg/kg), mecamylamine
(1.0 mg/kg), or the coadministration of the two drugs on contextual fear
conditioning. There were no differences in baseline freezing on training
day for any of the groups. Neither NBQX nor mecamylamine adminis-
tered alone had any effect on contextual fear conditioning on testing day
when compared with saline controls. However, the coadministration of
1.0 mg/kg mecamylamine with 15.0 mg/kg or 30 mg/kg NBQX on train-
ing day significantly reduced contextual fear conditioning on testing day
compared with saline controls, and to mice administered either drug
administered alone. Error bars, �SEM. (*) Significantly different from
saline, NBQX 15mg/kg, NBQX 30 mg/kg, and Mecamylamine.

Figure 4. The effects of NBQX (15.0 mg/kg and 30.0 mg/kg), meca-
mylamine (1.0 mg/kg), or the coadministration of both drugs on cued
fear conditioning. There was no difference in pre-CS freezing between
groups, and there was no significant effect of drug on freezing to the CS
on testing day. Error bars, �SEM.
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P > 0.05], suggesting no differences in generalized freezing. A
one-way analysis of variance performed on freezing during the
CS revealed a significant effect of drug [F(3,36) = 10.42, P < 0.05]
(Fig. 6). Post-hoc analysis revealed that the saline group did not
differ from either the MK-801 group or the MK-801/
mecamylamine coadministration group. However, the MK-801/
mecamylamine training/testing group showed significantly less
fear to the CS than the saline group.

Discussion
There are four major findings from this study. First, we replicate
previous results demonstrating that neither mecamylamine nor
NBQX administered alone alter cued fear conditioning or con-
textual fear conditioning (Lu and Wehner 1997; Gould and Weh-
ner 1999b). Second, we show that NBQX administration does not
disrupt latent inhibition of cued fear conditioning, and we rep-
licated previous research indicating that mecamylamine does not
disrupt latent inhibition of cued fear conditioning (Gould et al.
2001). Third, we demonstrate for the first time that coadminis-
tration of mecamylamine and NBQX, at doses that produce no
effects when administered alone, disrupts both contextual fear
conditioning and latent inhibition of cued fear conditioning, but
have little effect on cued fear conditioning. Fourth, we demon-
strate for the first time that coadministration of mecamylamine
and MK-801, at doses that produce no effect when administered
alone, disrupts both contextual fear conditioning and latent in-
hibition of cued fear conditioning, but has little effect on cued
fear conditioning. Because coadministration of either mecamyla-
mine and NBQX or mecamylamine and MK-801 disrupted con-
textual but not cued fear conditioning, it cannot be argued that
coadministration is altering locomotor activity or produces gen-
eralized deficits.

nAChR and glutamate receptor interaction
Our results provide the first behavioral evidence that coantago-
nism of nAChRs and glutamate receptors (either AMPARs or
NMDARs) can block contextual fear conditioning and latent in-
hibition of cued fear conditioning. These findings suggest that
nAChRs may mediate processes that support contextual fear con-
ditioning and latent inhibition of cued fear conditioning that
are similar or parallel to processes mediated by AMPARs and
NMDARs. It is clear that NMDARs are involved in both contex-
tual fear conditioning and latent inhibition of cued fear condi-
tioning (Kim et al. 1991; Fanselow and Kim 1994; Fanselow et al.

1994; Stiedl et al. 2000; Gould et al. 2002; Lewis and Gould
2004). One possible mechanism through which AMPARs and
nAChRs could contribute to acquisition of these tasks is by con-
tributing to the membrane depolarization necessary for activat-
ing NMDAR-mediated processes. In support, nicotine can medi-
ate synaptic current changes independent of glutamate receptors
and can mediate postsynaptic events (Zhang et al. 1996; Roerig et
al. 1997; Alkondon et al. 1998; Frazier et al. 1998a,b; Hefft et al.
1999; Chu et al. 2000; Ji et al. 2001). In addition, nAChRs have
been localized on postsynaptic densities (Fabian-Fine et al. 2001;
Levy and Aoki 2002). These findings suggest that nAChRs can
support some fast excitatory synaptic transmission in the ab-
sence of glutamate and could play a significant role in NMDAR-
dependent synaptic plasticity by contributing to the concurrent
membrane depolarization necessary for NMDAR function. If, as
our results suggest, nAChRs and AMPARs mediate similar pro-
cesses, it might be expected that these receptors are colocalized.
Levy and Aoki (2002) found that the majority of AMPAR-positive
neurons in cortex were also nAChR positive in the postsynaptic
densities. Thus, it is possible that antagonism of AMPARs does
not disrupt contextual fear conditioning or latent inhibition of
cued fear conditioning, because nAChRs are mediating similar
cellular processes and vice-versa.

Nicotinic AchRs may contribute to learning-related neural
changes by contributing to NMDAR activation through depolar-
izing a neuron and/or by directly activating cell-signaling
cascades that are also activated by NMDARs during learning. In
support, nicotine can enhance NMDAR-mediated processes (Ara-
makis and Metherate 1998). Specifically, nicotine can activate
ERK/MAPK, CaMKII/IV, and CREB (Chang and Berg 2001; Na-
kayama et al. 2001; Berg and Conroy 2002; Dajas-Bailador et al.
2002b; Utsugisawa et al. 2002; Brunzell et al. 2003). Activation of
these cell-signaling cascades mediated through nAChRs could
contribute to contextual fear conditioning and latent inhibition
of cued fear conditioning.

Cued fear conditioning
Interestingly, our results suggest a differential effect of coadmin-
istration of NBQX and mecamylamine between contextual fear
conditioning and cued fear conditioning; cued fear conditioning
appears to be less sensitive to the effects of both drugs. Coadmin-
istration of NBQX and mecamylamine resulted in a >60% reduc-
tion in contextual fear conditioning, while cued fear condition-
ing was reduced by only 15%. The reasons for the difference in
the effects of coadministration of mecamylamine and NBQX be-

Figure 5. The effects of MK-801 (0.05 mg/kg), or the coadministration
(at either training day only or both training and testing) of MK-801 and
mecamylamine (1.0 mg/kg) on contextual fear conditioning. There were
no differences in baseline freezing on training day for any of the groups.
MK-801 administered alone had no effect on contextual fear condition-
ing compared with saline controls. However, the coadministration of 1.0
mg/kg mecamylamine with 0.05 mg/kg MK-801 on training day, or on
both training day and testing day, significantly reduced contextual fear
conditioning on testing day compared with saline controls. Error bars,
�SEM. (*) Significantly different from saline.

Figure 6. The effects of MK-801 (0.05 mg/kg), or the coadministration
(at either training day only or both training and testing) of MK-801 and
mecamylamine (1.0 mg/kg) on cued fear conditioning. There was no
difference in pre-CS freezing between groups, but there was a significant
effect of drug on freezing to the CS on testing day. The effect was due to
reduced freezing in the group that received MK-801 and mecamylamine
at both training and testing. Error bars, �SEM. (*) Significantly different
from saline.
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tween cued fear conditioning and contextual fear conditioning
may be related to differences in brain areas involved and neuro-
transmitter systems involved. For instance, contextual fear con-
ditioning, but not cued fear conditioning, depends on the hip-
pocampus (Kim and Fanselow 1992; Phillips and LeDoux 1992;
Kim et al. 1993; Logue et al. 1997). Thus, nAChRs and AMPARs in
the hippocampus may be involved in contextual fear condition-
ing, but different receptors in another area may support cued fear
conditioning.

It is possible that for cued fear conditioning, AMPARs and
another receptor type mediate similar processes, and thus, NBQX
was without significant effect on cued fear conditioning. It
should be pointed out that cued fear conditioning was reduced
by 15% by administration of NBQX alone. Although this de-
crease in freezing to the CS was not significant, the change sug-
gests that AMPARs may be involved in cued fear conditioning. In
support, the AMPAR-facilitating drug BDP-12 enhanced acquisi-
tion of cued fear conditioning (Rogan et al. 1997). Furthermore,
AMPARs have been shown to be involved in fear potentiated
startle (Walker and Davis 1997).

Not surprisingly, administration of 0.05 mg/kg MK-801, the
dose chosen because it was subthreshold for disrupting fear con-
ditioning, did not disrupt cued fear conditioning when admin-
istered alone or with mecamylamine on training day. However,
coadministration of mecamylamine and MK-801 at both training
and testing disrupted cued fear conditioning. These data could
suggest that nAChRs and NMDARs interact during recall of cued
fear. Clearly, the issues of nAChR and glutamate receptor inter-
actions during consolidation and recall need further examina-
tion.

AMPARS: Acquisition and consolidation
Our finding that NBQX alone has no effect on contextual fear
conditioning and latent inhibition supports previous studies that
report no learning-related memory impairments associated with
AMPAR antagonism by NBQX (Parada et al. 1992; Misztal and
Danysz 1995; Stephens and Cole 1996; Lu and Wehner 1997;
Filliat et al. 1998; Mead and Stephens 1999; Pitsikas et al. 2002;
Willmore et al. 2002; Gutierrez et al. 2004), even though NBQX
has a high affinity for AMPARs and inhibits glutamate and
AMPA-associated currents (Sheardown et al. 1990; Parsons et al.
1994; Rammes et al. 1998). However, it should be noted that
some behavioral tasks have been shown to be sensitive to the
AMPA/kainate receptor antagonist CNQX. These effects of
AMPA/kainate receptor antagonism may be related to the effects
of CNQX on consolidation, retention, or recall. Post-training ad-
ministration of CNQX disrupted consolidation, retention, or re-
call of several learning tasks (Danysz and Wroblewski 1989; Flood
et al. 1990; Kim et al. 1993; Quillfeldt et al. 1994; Mesches et al.
1996; Attwell et al. 1999; Izquierdo et al. 2000; Vianna et al. 2000;
Yasoshima et al. 2000; Bonini et al. 2003; Day et al. 2003). Thus,
AMPARs may have a greater role in post-acquisition learning-
related phenomena. A post-acquisition role for AMPARs fits well
with LTP studies that show trafficking of AMPARs post LTP teta-
nus (for review, see Sheng and Kim 2002; Bredt and Nicoll 2003).

AMPAR antagonist selectivity
A contributing factor to differences seen in the effects of AMPAR
antagonism on learning may also be the selectivity of the antago-
nists used. Sheardown et al. (1990) compared the pharma-
cological properties of NBQX, CNQX, and DNQX. Their results
indicate that NBQX has an affinity for AMPARs (IC50 = 0.15 µm;
IC50 = inhibition concentration—concentration required to re-
duce radioligand binding to half of maximal value) that is two
times greater than CNQX (IC50 = 0.3 µm) and over three times

greater than DNQX (IC50 = 0.5 µm). Importantly, NBQX also shows
a threefold lower affinity for kainate receptors (IC50 = 4.8 µm)
than CNQX (IC50 = 1.5 µm) and over a twofold lower affinity than
DNQX (IC50 = 2.0 µm). In addition, NBQX shows very low affinity
for NMDARs (IC50 >90 µm) and glycine receptors (IC50 >100 µm)
unlike CNQX (IC50 = 25 µm—NMDA; IC50 = 14 µm—glycine) and
DNQX (IC50 = 40 µm—NMDA; IC50 = 9.5 µm—glycine), which
show higher affinity for those receptors. Interestingly, inhibitory
avoidance conditioning of bead pecking in the chick has been
shown to be disrupted by direct infusion of CNQX, but not by
direct infusion of NBQX (Burchuladze and Rose 1992; Rickard et
al. 1994). Further, NBQX and another selective AMPAR antago-
nist, GYKI 52366, did not block LTP (Sato et al. 1995; Kapus et al.
2000). Another study, (Svendsen et al. 1999), reported only par-
tial attenuation of LTP by NBQX; an ∼20% reduction in LTP at
1.5 h post-tetanus that returned to levels of LTP that were equal
to levels in the drug-free condition by 2 h post-tetanus. However,
it has been reported that CNQX disrupted induction of LTP (De-
bray et al. 1997). Thus, the possibility exists that disruption of
LTP and learning tasks by CNQX could be related to effects of the
drug at kainate receptors, and possibly NMDA or glycine recep-
tors, as well as at AMPARs. Evidence indicates an increasingly
important role for kainate and glycine receptors in some forms of
synaptic plasticity (Danysz and Wroblewski 1989; Lerma 2003).

Summary
In conclusion, we found, as have others, that AMPAR antago-
nism did not disrupt learning. Furthermore, the present study
demonstrated that learning was disrupted when AMPAR antago-
nism occurred concurrently with nAChR antagonism and when
NMDAR antagonism occurred concurrently with nAChR antago-
nism. We propose a model of learning-related synaptic plasticity
in which both AMPARs and nAChRs can contribute to depolar-
ization necessary for activating NMDAR-mediated processes.
AMPARs could primarily be involved in mediating this depolar-
ization and nAChRs could facilitate the depolarization. The fa-
cilitation by nAChR activation could be equivalent to behavioral
states that enhance learning, such as increased attention. This
fits well with studies and theories of learning and attention that
propose an involvement of AChRs in these processes (for review,
see Levin and Simon 1998; Hasselmo 1999; Gold 2003; Tinsley et
al. 2004). Moreover, for acquisition of behaviors that involve
neural areas with high cholinergic activity, such as the hippo-
campus (Marks et al. 1989; Hasselmo 1999; Fadda et al. 2000),
antagonism of AMPARs may not produce significant effects, be-
cause processes mediated by nAChRs may compensate. Thus, ac-
tivation of NMDARs may be a critical event for some types of
learning, but multiple receptor types could mediate the mem-
brane depolarization necessary for NMDAR activation. Once ac-
tivated, the NMDAR-mediated processes may lead to changes
in synaptic plasticity through mechanisms such as insertion of
AMPARs into the cell membrane (for review, see Bredt and Nicoll
2003). In addition, increased calcium influx mediated by
nAChRs (Eilers et al. 1997; Wonnacott 1997; Sorenson et al.
1998; Broide and Leslie 1999; Porter et al. 1999; Nomikos et al.
2000; Berg and Conroy 2002; Dajas-Bailador et al. 2002a; Perry et
al. 2002) may not only contribute to the depolarization necessary
for activation of NMDARs during learning, but may also facilitate
NMDAR-mediated processes involved in learning by directly ac-
tivating cell signaling cascades involved in learning.

Materials and Methods

Subjects
Male C57BL/6J (n = 7–9 per group, except for the no-shock con-
dition, where n = 4 for both groups) mice were obtained from
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The Jackson Laboratory. A previous strain survey on latent inhi-
bition of cued fear conditioning found that C57BL/6 mice
strongly developed latent inhibition of cued fear conditioning
compared with other strains of mice (Gould and Wehner 1999a).
In addition, C57BL/6J mice have been used extensively for re-
search on the effects of nicotine on fear conditioning and latent
inhibition of cued fear conditioning (Gould and Wehner 1999a;
Gould et al. 2001; Gould 2003; Gould and Higgins 2003; Gould
and Lommock 2003; Gould et al. 2004). Mice that were fear con-
ditioned were group housed and had ad libitum access to Purina
Rodent Diet and water. Mice trained in latent inhibition had ad
libitum access to food and water prior to training. During latent
inhibition training, mice were water restricted, but received daily
water during all phases. Body weight was measured daily, and no
mice fell below 80% of free-drinking weight. The light-dark cycle
was 12:12 with lights on at 7:00 a.m. and all testing occurred
between 9:00 a.m. and 5:00 p.m. Mice were tested between 8 and
16 wk of age, and mice were not used in multiple experiments.
All behavioral procedures were approved by the Temple Univer-
sity Institutional Animal Care and Use Committee.

Apparatus
All behavioral procedures for latent inhibition and training for
fear conditioning occurred in four identical conditioning cham-
bers (7 � 7.5 � 15 in) housed in sound attenuating boxes (Med
Associates). Ventilation fans at the rear of the boxes offered air
exchange and background noise (69 dB). The conditioning
chambers were constructed of clear Plexiglass walls in the front
and back, and stainless steel on the sides. Grid floors were con-
nected to a shock scrambler and generator. A speaker mounted to
the outside right wall of each chamber produced the 85-dB white
noise CS. Sipper tubes were present on the left side of each cham-
ber. An IBM-PC compatible computer running MED-PC software
interfaced with the conditioning chamber to control access to
the sipper tubes via a mechanized sliding door, stimuli adminis-
tration, and record licks from the sipper tube for latent inhibi-
tion.

The CS test for cued fear conditioning occurred in a different
room with altered conditioning chambers (8 � 9 � 7.5 in) of
different size and shape. Covering the metal grid floor with a flat
plastic floor and the presence of a vanilla extract olfactory cue
further altered these chambers. Ventilation fans (70 dB) were
located at the rear of the boxes. The speaker was mounted to the
left outside wall and generated an 85-dB white noise CS. All
chambers were cleaned with 70% ethanol before each use.

Behavioral procedures: Latent inhibition
The day before the procedure began, mice were weighed and
marked. The mice were placed on water restriction, as lick sup-
pression was the dependent variable. The procedure consisted of
five phases conducted over an 8-d period and is based on previ-
ous research examining latent inhibition of cued fear condition-
ing (Gould and Wehner 1999b; Gould et al. 2001; Lewis and
Gould 2004).

Pre-training phase: Days 1–4
Mice were placed in chambers, and the session began with the
opening of the sipper-tube doors. The mice had free access to the
sipper tubes for 15 min each day throughout this phase, and the
computer recorded the number of licks. Asymptotic licking levels
were achieved by the fourth day.

Pre-exposure phase: Day 5
Pre-exposed mice were placed in the chambers and no stimuli
were presented during the first 15 sec. Following the first 15 sec,
mice were exposed to 20, 5-sec CS presentations of 85-dB white
noise with a fixed 15-sec interstimulus interval between CS pre-
sentations. The session ended with 15 sec of no stimulus presen-
tations before the mice were removed from the chambers. The
duration of the pre-exposure phase was 7 min. Non-pre-exposed
control mice were exposed to the chamber for the same duration,
but they received no exposure to the white noise. Mice did not

have access to sipper tubes during this phase to avoid any pos-
sible secondary associations that could form between the CS and
access to sipper tubes. Water was administered after the session
and the mice were weighed.

Training phase: Day 6
All mice were placed in the chambers, and 2.5 min elapsed before
the first CS–US pairing. The first CS (85 dB white noise, 5 sec in
duration)–US (1 sec, 0.57 mA footshock) pairing was followed by
a 2.5-min intertrial interval prior to the second pairing. The mice
were removed 2 min after the final CS–US presentation. The du-
ration of the training session was 7 min. Mice were not allowed
access to sipper tubes during this phase to avoid any possible
secondary associations that could form between access to sipper
tubes and the US. After the session ended, water was adminis-
tered and the mice were weighed.

Re-establish licking phase: Day 7
Because sipper tubes were not present on days 5 and 6, day 7 was
used to re-establish licking behavior in the chambers prior to
testing. Mice were placed in the chambers and allowed access to
sipper tubes as in the pre-training phase. The average number of
licks on this day was 800, indicating a high level of licking be-
havior.

Testing phase: Day 8
All mice were placed in chambers, and each session initiated with
the first lick by each mouse. The time from the onset of the
chamber lights to initiate the first lick of the testing session was
recorded to compare latency with first lick across groups. At lick
81, the time to complete licks 81–90 was recorded. At lick 91,
presentation of the CS occurred until lick 100, and the time to
complete licks 91–100 was recorded. Freezing was measured as a
suppression of licking behavior. This data was transformed into a
suppression ratio. The ratio is represented by the formula A/A+B.
The time to complete licks 81–90 (A) divided by the time to
complete licks 81–90 (A) + licks 91–100 (B). Latent inhibition
indicates a lower expression of conditioned fear, and thus, the
time to complete the 10 licks prior to CS presentation should be
equivalent to the time to complete the 10 licks during CS pre-
sentation. For example, 1 sec for licks 81–90/1 sec for 81–90 + 1
sec for licks 91–100 = 0.50. A greater time to complete 10 licks
during CS presentation is indicative of greater conditioned fear,
and this will result in the suppression ratio approaching zero. For
example, 1 sec for licks 81–90/1 sec for licks 81–90 + 99 sec for
licks 91–100 = 0.01.

Behavioral procedures: Fear conditioning
The procedure is the same as described in Gould and Higgins
(2003). The day before training, mice were weighed and marked.
On training day, mice were given injections and then placed in a
conditioning chamber. Training lasted 5 min and 30 sec. Baseline
freezing was established for the first 120 sec using a time-
sampling procedure, in which mice were determined to be either
freezing or moving once every 10 sec. Freezing was defined as the
total lack of movement except for respiration, as described in
Blanchard and Blanchard (1969). The first auditory CS (85 dB
white noise) was presented at 120 sec and lasted for 30 sec. Dur-
ing the last 2 sec of the auditory CS, the shock US (0.57 mA) was
presented. During the 120-sec intertrial interval, freezing before
the next CS–US pairing was scored. The mice remained in the
cage for 30 sec after termination of the second CS–US pairing.

Testing occurred ∼24 h after training. Mice were placed into
the original training context and freezing was scored continu-
ously for 5 min. Approximately 1 h later, mice were placed into
the altered context for 6 min. Pre-CS freezing was measured for 3
min, during which no auditory CS was present. During the last 3
min, mice were continuously presented with the auditory CS and
freezing was measured.
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Drugs
The AMPAR antagonist NBQX (15 mg/kg and 30 mg/kg; Sigma
Co.; doses based on previous research that found that both
30 mg/kg and 56 mg/kg did not affect contextual fear condition-
ing, as well as previous research that found ataxic side-effects of
NBQX at doses above 30 mg/kg in C57BL/6 mice (Lu and Wehner
1997) was dissolved in 0.9% physiological saline. NBQX was
administered by an intraperitoneal injection 30 min prior to
behavioral procedures. The nAChR antagonist mecamylamine
(1 mg/kg and 2 mg/kg; Sigma; doses based on previous research;
[Gould and Wehner 1999b; Gould et al. 2001; Gould and Higgins
2003]) was dissolved in physiological saline (0.9% NaCl) and ad-
ministered by an intraperitoneal injection 15 min prior to be-
havioral procedures. In an initial study, we found that coadmin-
istration of NBQX and 2 mg/kg of mecamylamine disrupted
latent inhibition [F(3,27) = 9.43, P < 0.01], but 2 mg/kg of meca-
mylamine had no effect on latent inhibition. Also, a previous
study showed that 2 mg/kg mecamylamine had no effect on fear
conditioning (Gould and Wehner 1999b). Thus, we tested
whether a lower dose of mecamylamine coadministered with
NBQX or MK-801 would disrupt latent inhibition and contextual
fear conditioning. The data with 1 mg/kg of mecamylamine is
reported in the Results section. The NMDAR antagonist MK-801
(0.05 mg/kg, a subthreshold dose for disrupting contextual fear
conditioning based on a dose-response analysis; Sigma Co.) was
dissolved in physiological saline (0.9% NaCl) and administered
by an intraperitoneal injection 15 min prior to behavioral pro-
cedures. The number of injections was equalized across all
groups.

Statistical analysis
One-way analyses of variance were performed on suppression
ratios and lick latency data for the latent inhibition experiment.
One-way analyses of variance were performed on percent freez-
ing scores for baseline, contextual freezing, pre-CS, and CS data.
Tukey HSD analyses were performed, post-hoc, to detect differ-
ences at the P < 0.05 level. Analyses were performed via SPSS
version 11.5.
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